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Abstract A novel two-stage approach for obtaining wear-resistant multifunctional powder composites based on metal powders with high-

modulus Ti–TiC system fillers is proposed. The method combines high-voltage electric discharge (HVED) treatment and spark plasma 

sintering (SPS), offering a promising alternative to conventional techniques for producing Al–Ti–C system composites. This approach 

enables the development of a unified route for material synthesis using high-energy-density processing. 

HVED treatment prevents oxidation of metal particles, reduces contamination by tool materials, and initiates the synthesis of additional 

dispersed strengthening phases. For example, HVED treatment of titanium powder in a hydrocarbon liquid promotes the in situ formation of 

titanium carbide (TiC) particles. 

The present work investigates the influence of adding Ti–TiC powder—synthesized via HVED in ethanol under reverse polarity mode with a 

specific energy input of 20 MJ/kg—on the structure, phase composition, and properties of Al–Ti–C metal matrix composites (MMCs). 

It was shown that the addition of 2 wt% of Ti–TiC powder synthesized via HVED in ethanol to aluminum powder results in an MMC with an 

electrical resistivity of 0.5 Ω·mm²/m and a hardness of 31 HRB. However, the heat resistance of this composite is 2.5 times lower than that of 

consolidated pure aluminum powder. Increasing the Ti–TiC content to 10 wt% leads to the formation of a wear-resistant Al–Ti–C composite, 

whose structure includes Al, Ti, TiC, the intermetallic compound Al₃ Ti, MAX phases Ti₂ AlC and Ti₃ AlC₂ , and free carbon. For the MMC 

sample with the addition of 10% Ti–TiC, the mass gain per cycle during the heat resistance test is 0.23%/cycle, whereas for samples made 

from consolidated Al powder it is 0.18%/cycle, indicating that their heat resistance is approximately the same. The wear resistance of this 

composite is more than three times higher than that of the consolidated base aluminum powder, with wear rates of 0.003 g/km and 

0.010 g/km, respectively.  This material also demonstrates a hardness of 43 HRB and relatively low electrical resistivity at the level of 

0.3 Ω·mm²/m. 
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1. Introduction 

Metal matrix composites (MMCs) based on the Al–TiC system 

are characterized by high strength while maintaining considerable 

plasticity. For example, the introduction of 10 wt.% TiC reduces the 

relative elongation of aluminum by only ~10%. The use of titanium 

carbide as a reinforcing phase also enhances corrosion resistance, 

impact toughness, and heat resistance. This effect is attributed to the 

strong modifying influence of TiC on aluminum, which results from 

the close match of their crystal lattices: the face-centered cubic 

lattice of TiC is nearly identical to that of α-Al, with a mismatch of 

only about 7%. During the fabrication of Al–TiC composites, 

titanium carbide particles can react to form intermediate phases 

such as Al4C3, Al3Ti, AlTi, and AlTi3. At elevated temperatures up 

to 1000 °C, the formation of ternary titanium carbides such as 

Ti3AlC, Ti2AlC, and Ti2AlC2 is also possible [1–3]. 

However, conventional methods for producing such materials 

have nearly exhausted their potential. Mechanical techniques for 

powder preparation prior to consolidation are associated with 

oxidation and contamination of powder particles, as well as high 

specific energy consumption. Furthermore, traditional consolidation 

methods such as isothermal sintering involve prolonged exposure to 

high temperatures, which leads to grain coarsening in the 

consolidated specimens and results in reduced strength and 

hardness. 

In recent years, a novel two-stage approach has been developed 

at the Institute of Pulse Processes and Technologies of the National 

Academy of Sciences of Ukraine for the synthesis of wear-resistant 

multifunctional powder composites based on aluminum with high-

modulus TiC–Ti reinforcements. This method combines high-

voltage electrical discharge (HVED) treatment of initial powders 

and subsequent spark plasma sintering (SPS), offering a viable 

alternative to conventional fabrication techniques for Al–Ti–C 

composites [4–6]. 

In the first stage, HVED treatment of the initial Al–Ti powder 

mixture in a hydrocarbon liquid facilitates surface activation of the 

powders, synthesis of nanocarbon in various allotropic forms, and 

in situ formation of TiC from titanium powder. In the second stage, 

SPS is used to synthesize multifunctional powder composites with 

high-modulus reinforcements, preserving the fine structure of the 

material components. 

The findings from previous studies, which form the basis of this 

work, demonstrate that the proposed approach can be adapted for 

the fabrication of high-wear-resistant MMCs of other compositions 

within the Al–TiC system under conditions of high-energy powder 

treatment and extreme ultrafast thermal and pressure loading during 

SPS consolidation. 

However, earlier studies investigated only the scenario in which 

the Al–Ti powder mixture was subjected to joint HVED treatment 

followed by SPS consolidation. For certain MMC compositions, a 

different approach may be more promising. This alternative 

involves pre-treatment of titanium powder by HVED to produce a 

sufficient amount of TiC, followed by the addition of aluminum 

powder in the required proportion and subsequent SPS 

consolidation. The advantage of this method lies in the ability to 

generate the desired amount of titanium carbide required for 

effective reinforcement. 

Therefore, the goal of this work is to investigate the effect of the 

concentration of HVED-processed Ti–TiC powder on the properties 

of Al–Ti–C composites. 

2. Methodology 

The study utilized aluminum powder of PA1 (ПА1) grade 

(according to GOST 6058-73) with an average particle diameter of 

d₀  = 21 μm, as well as Ti + 23 wt.% TiC composite powder 

obtained by high-voltage electrical discharge treatment of titanium 

powder in the mode of volume-distributed multi-spark discharge 

(VMD). The treatment was carried out in ethanol with a specific 

treatment energy of 20 MJ/kg. The average particle diameter of the 

used Ti + 23 wt.% TiC powder was d₀  = 10 μm. 

Consolidation of MMC specimens was performed using the 

"HEFEST-10" («ГЕФЕСТ-10») universal experimental setup [4] 

under vacuum conditions. Spark plasma sintering (SPS) was carried 

out in dies made of MPG-6 (МПГ 6) grade graphite. The inner 

diameter of the die was 10 mm, and the powder charge mass was 
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3 g. The SPS temperature regime was selected based on the melting 

point Tm of the most fusible component; the isothermal holding 

temperature was set to 0.8·Tm = 528 °C [7]. The duration of the 

isothermal holding stage during SPS was 3 minutes. 

The obtained MMCs were analyzed in terms of structure, phase 

composition, and properties, including Rockwell hardness, wear 

resistance, thermal stability, and specific electrical resistivity. 

Microstructural investigations were carried out using the BIOLAM-

I optical microscope with a maximum magnification of ×1350 and a 

Canon digital camera. 

X-Ray diffraction (XRD) patterns were recorded using the 

Rigaku Ultima IV diffractometer (at the E.O. Paton Institute of 

Materials Science and Welding of NAS of Ukraine) and the Bruker 

D8 DISCOVER diffractometer (at the Center for Microelectronics 

and Nanotechnology, University of Rzeszów) under CuKα radiation. 

A nickel β-filter was applied to reduce background noise and 

suppress β-lines. Phase identification was conducted using the 

POW_COD database and Bruker EVA software. Quantitative phase 

composition was determined by the reference intensity ratio (RIR) 

method [8] using the QualX software and full-profile analysis with 

the Maud software package. A quartz reference sample was used to 

determine the instrument function. 

Rockwell hardness (HRB scale) was measured in accordance 

with ISO 6507-4:2008 using the TK-2 hardness tester, which 

records the difference in indentation depth between preliminary and 

main loads. A steel ball indenter with a diameter of 1.588 mm was 

used under a total load of 60 kg. At least 10 measurements were 

performed for each experimental point. 

The specific electrical resistivity of the samples was determined 

using a custom-built test stand. The design and methodology of this 

setup are described in detail in [9]. 

Wear resistance of consolidated MMC samples was evaluated 

by gravimetric method on a friction testing machine. The 

description of the setup and methodology is provided in [10]. 

The heat resistance of the samples was assessed by their mass 

gain during exposure in air inside the SNOL («СНОЛ») 7.2/1300 

furnace, according to GOST 6130–71. Prior to testing, the 

specimens were weighed in crucibles using analytical scales with an 

accuracy of 0.1 mg. The samples were then heated to 600 °C and 

held for 5 hours, followed by furnace cooling for 16 hours to a 

temperature of approximately 115 °C. Thus, each cycle of high-

temperature exposure lasted 21 hours. After each cycle, the 

specimens were weighed again along with the crucibles. This 

procedure was repeated for five cycles. The total duration of 

exposure per sample at elevated temperature was 105 hours, with a 

total holding time at 600 °C of 25 hours. 

Heat resistance was evaluated as the mass difference of the 

sample before and after each cycle. Additionally, the average mass 

gain per cycle kh, expressed in %/cycle, was calculated as the ratio 

of total mass increase to the number of test cycles. 

3. Results and discussion 

The material obtained by consolidating the initial Al powder, 

used as a reference sample, exhibited a uniform microstructure (see 

Fig. 1, a). 

The addition of 2 wt.% of the Ti–TiC mixture (obtained via 

HVED treatment) to the initial aluminum powder influenced both 

the structure and properties of the resulting material. 

Microstructural analysis revealed a homogeneous distribution of 

reinforcing particles within the matrix, with particle sizes ranging 

from 50 μm to 100 μm (see Fig. 1, b). The specific electrical 

resistivity of the material increased nearly fivefold, from 

0.106 Ω·mm2/m to 0.504 Ω·mm2/m. The hardness of the 

consolidated material increased by 53%, rising from 20 HRB to 

31 HRB (see Fig. 2). 

  

a b 

Figure 1: Microstructures of the consolidated materials: а – Al;  

b – Al + 2 % Ti–TiC 

 

 

Figure 2: Properties of consolidated materials of the Al + Ti–

TiC system 

 

An increase in the Ti–TiC content (after HVED treatment) in 

the initial aluminum powder from 2 wt.% to 4 wt.% led to a higher 

number of visible particles in the range of 50 μm to 100 μm (see 

Fig. 3, a), a 14% increase in the material’s specific electrical 

resistivity—from 0.504 Ω·mm2/m to 0.576 Ω·mm2/m—and a 13% 

increase in hardness, from 31 HRB to 35 HRB (see Fig. 2). 

Further addition of HVED-treated Ti–TiC to the initial 

aluminum powder from 4 wt.% to 6 wt.% resulted in an even 

greater number of visible particles sized 50 μm to 100 μm in the 

structure of the SPS-consolidated material (see Fig. 3, b). The 

specific electrical resistivity of the material remained nearly 

unchanged at ρ = 0.57 Ω·mm2/m, while the hardness increased by 

9%, from 35 HRB to 38 HRB (see Fig. 2). 

 

а b 

Figure 3: Microstructures of the consolidated materials: 

 а – Al + 4 % Ti–TiC; b – Al + 6 % Ti–TiC 
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When the Ti–TiC content (after HVED treatment) was 

increased from 6 wt.% to 8 wt.%, the number of visible particles 

sized 50 μm to 100 μm increased, along with the amount of dark 

carbon-containing phase at their boundaries in the structure of the 

consolidated material (see Fig. 4, a). The specific electrical 

resistivity of the consolidated material increased by 9%, from 

0.57 Ω·mm2/m to 0.58 Ω·mm2/m, and the hardness increased by 

12%, from 38 HRB to 43 HRB (see Fig. 2). 

A further increase in the Ti–TiC content in the powder mixture 

from 8 wt.% to 10 wt.% did not result in a higher number of 

visible particles sized 50 μm to 100 μm, nor in an increase in the 

dark carbon-containing phase at their boundaries in the compact's 

structure (see Fig. 4, b). However, the specific electrical resistivity 

increased from 0.58 Ω·mm2/m to 0.6 Ω·mm2/m, while the hardness 

remained unchanged at 43 HRB (see Fig. 2). 

 

  

а b 

Figure 4: Microstructures of the consolidated materials:  

а – Al + 8 % Ti–TiC; b – Al + 10 % Ti–TiC 

 

The X-Ray phase analysis results presented in Fig. 5 for the 

MMC sample obtained from the Al + 10 wt.% Ti–TiC powder 

mixture indicate that, in addition to Al (88 wt.%), Ti (9 wt.%), and 

titanium carbides TiC (<1 wt.%) and Ti₃ C₂  (<1 wt.%), the 

material's structure also contains high-modulus reinforcements 

synthesized during HVED treatment and subsequent SPS. These 

include the intermetallic phase Al₃ Ti (<1 wt.%), MAX phases such 

as Ti5Al2C3 (<1 wt.%), Ti2AlC (<1 wt.%), Ti3AlC2 (<1 wt.%), and 

the ternary carbide Ti3AlC (<1 wt.%) with a perovskite-like 

structure. This XRD pattern also shows peaks indicating the 

presence of free carbon in the MMC structure in an amount of 

approximately 2 wt.%. 

 

 

Figure 5: XRD pattern of the consolidated material based on 

the Al + 10 wt.% Ti–TiC powder system 

 

Wear resistance testing was conducted for the consolidated 

material sample of the Al + 10 wt.% Ti–TiC system (see Fig. 6). 

The determined wear coefficient for this material is 0.003 g/km. 

The wear curve for this sample is characterized by a nearly constant 

wear rate, with a small segment of relatively slower wear observed 

between a wear distance (lw) of 3.5 km and 6 km. 

 

 

Figure 6: Wear curve of the consolidated material sample based 

on the Al + 10 wt.% Ti–TiC system 

 

For comparison, wear resistance testing was performed on a 

consolidated initial Al powder sample (see Fig. 7), which exhibited 

a wear coefficient of 0.008 g/km. Thus, the addition of 10 wt.% Ti–

TiC powder obtained via high-voltage electrical discharge treatment 

to the powder mixture resulted in nearly a threefold increase in the 

wear resistance of the consolidated material. This improvement can 

be explained, in particular, by the increase in hardness from 

20 HRB to 43 HRB (see Fig. 2). 

The wear curve for the consolidated Al powder sample, shown 

in Fig. 7, is characterized by a small segment of relatively rapid 

wear from 0 to 1.5 km, which may be attributed to additional 

surface run-in between the sample and the friction machine roller. 

From 1.5 km to 10 km of the wear path, the wear rate is practically 

uniform. 

 

Figure 7: Wear curve of the consolidated Al powder sample 

 

The results of the heat resistance study revealed that adding Ti–

TiC powder to the Al-based composite in concentrations from 2% 

to 6% leads to a slight decrease in heat resistance (see Fig. 8). In 

contrast, the heat resistance of the Al + 8% Ti–TiC composite is 

somewhat higher than that of the consolidated Al powder. The heat 

resistance of the Al + 10% Ti–TiC MMC is significantly greater 

than that of the consolidated Al powder sample. 

Thus, the curve illustrating the dependence of the mass change 

per heat resistance test cycle coefficient on the Ti–TiC content in 

the initial powder for Al + Ti–TiC composites exhibits an extremal 

behavior. The highest value of this coefficient (and correspondingly 

the lowest heat resistance) is characteristic of the Al + 2% Ti–TiC 

Σ = 100 % 
мас. 
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MMC, amounting to 0.46 %/cycle, whereas for the Al + 10% Ti–

TiC MMC this value is minimal at 0.025 %/cycle (see Fig. 9). 

 

 

Figure 8: Mass change of consolidated samples during heat 

resistance testing:  1 – consolidated Al powder, 2 – Al + 2% Ti–

TiC, 3 – Al + 4% Ti–TiC, 4 – Al + 6% Ti–TiC, 5 – Al + 8% Ti–

TiC, 6 – Al + 10% Ti–TiC 

 

Figure 9: Dependence of the mass change per cycle coefficient 

during heat resistance tests on the Ti–TiC content in the initial 

powder used to produce the consolidated material 

 

 

 

4. Conclusions 

1. The influence of Ti–TiC filler concentration (ranging 

from 2 % to 10 %), synthesized via high-voltage electrical 

discharge treatment, on the structure and properties of aluminum-

based metal matrix composites was found. 

 

2. It was shown that the addition of 2 % Ti–TiC after HVED 

processing in ethanol under volume-distributed multi-spark 

discharge mode with a specific treatment energy of 20 MJ/kg allows 

obtaining an MMC with a specific electrical resistivity of 

0.184 Ω·mm2/m and a hardness of 43 HRB. 

 

3. Increasing the Ti–TiC content up to 10 % led to a 

hardness increase up to 68 HRB, with a corresponding rise in 

specific resistivity to ρ = 0.3 Ω·mm2/m. The composite structure 

contains phases such as titanium carbide TiC and free carbon. 

 

4. Increasing the Ti–TiC content from 2 % to 8 % results in 

improved heat resistance — for the MMC sample with 8 % Ti–TiC 

addition, the mass gain coefficient per heat resistance test cycle is 

0.23 %/cycle, while for consolidated pure aluminum powder 

samples it is 0.18 %/cycle. 
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